Sodium pyruvate and dinitrophenol stimulated 02 uptake of freshly cut phloem parenchyma from carrot roots by 63 and 120% at optimal concentrations, indicating that production of pyruvate by glycolysis regulates over-all respiratory rate. Adding 0.5 to 6.7 mM Na3ADP and Na3ATP to slices rapidly stimulates respiration rate by 20 to 85%. The effect is greater at the lower end of this concentration range and is not due to change in pH or active cation uptake. It is suggested that treating tissue with both nucleotides stimulates pyruvate kinase, the rate-limiting step in respiration of freshly cut slices, by increasing the concentration of endogenous ADP. Adenosine diphosphate continued to stimulate 02 uptake until the peak of induced respiration, but ATP inhibited respiration during development and decline of this peak. Absence of respiratory stimulation by NaH2PO4 and of respiratory inhibition by added nucleosides confirms that inorganic phosphate is not a limiting factor of respiration in freshly cut slices. The stimulation of respiration rate of these slices by dinitrophenol is consistent with results from experiments in which ADP and ATP were applied to the tissue.
A sequential stimulation of pyruvate kinase and phosphofructokinase regulates development of the induced respiration in mature carrot root tissue (2) . Adams and Rowan (2) suggested that concentration of cytoplasmic ADP increases following stimulation by slicing of synthetic processes requiring ATP. The stimulation of oxygen uptake and glycolysis in freshly cut slices by DNP2 (4) indicates that the reactions of the EMP pathway and the tricarboxylic acid cycle operate well below capacity in freshly cut slices. Beevers (4) concluded that DNP-stimulated respiration is partly due to increase in pyruvate supplied to the mitochondria by glycolysis, which may be enhanced by an increase in ADP level in the cytoplasm. At optimal concentration of DNP excessive pyruvate production could not be fully utilized by mitochondria, and DNP-induced fermentation raised the respiratory quotient above unity.
An important result of the uncoupling by DNP of the link be- tween electron flow and oxidative phosphorylation (16) is that a redistribution of adenine nucleotides and inorganic phosphate occurs between mitochondria and cytoplasmic oxidative systems (8) . If these compounds are rate-limiting in glycolysis, an increase in their cytoplasmic concentration would enhance glycolytic rate as observed in yeast (17) and provide more pyruvate for mitochondrial oxidation. Therefore exogenous additions of DNP, pyruvate, and either inorganic phosphate or ADP to tissue restricted in over-all respiratory rate by glycolysis should promote similar increases in 02 uptake.
In this paper, the effects of adding nucleotides, pyruvate, inorganic salts, and DNP to freshly cut tissue and to slices aging in distilled water are related to the regulation of the induced respiration by kinase enzymes of the EMP pathway. The sodium salts of ADP, ATP, and pyruvate markedly stimulated oxygen uptake of freshly sliced tissue, and the effects could not be explained by the gradual respiratory rise after cutting, by pH change, or by active ion uptake from the nucleotide solution.
MATERIALS AND METHODS
The rate of 02 uptake of phloem parenchyma slices (1 mm thick) prepared from mature carrot roots (Daucus carota L. cultivar. Yates All Seasons) was measured at 20 C as previously described (2) . Short term (10-min) polarographic traces were used to record respiratory changes immediately after cutting (Fig. 1 ).
The effects of Na2AMP, Na3ADP, Na3ATP, NaPYR, Na2HPO4, NaH2PO4, DNP, NaCl, KC1, guanosine, uridine, adenosine, and pH changes (with the use of distilled water adjusted with HCI) upon respiration were determined by adding a small volume of known concentration to the respirometer flask or by recording rates after vacuum infiltration of tissue in solutions of these compounds. Infiltration under a pressure of 500 mm of Hg was continued for about 10 min, when gas bubbles ceased to arise from the slices. The DNP concentration used (10 jAM) was optimal for stimulating respiration of carrot tissue (4) . Nucleotides, nucleosides, and pyruvate were supplied by Sigma Chemical Co. and by Boehringer and Sons.
RESUlLTS
When freshly cut slices are placed in aerated distilled water, there is an immediate decline in respiration rate (Fig. 1) , provided that frequent changes of water are employed to prevent respiratory stimulation by leakage of cell contents (5) . After 1 hr, respiration increases at a steady rate for the next 8 hr (Fig. 1 ) and continues to increase until a peak is attained after 24 hr of washing (2) .
The effects of adding Na2AMP, Na3ADP, Na3ATP, NaH2PO4, Na2HPO4, DNP and NaCl directly to tissue slices are shown in The rate of oxygen uptake of slices treated with ADP, ATP, PYR, and DNP was markedly higher immediately after the 2-min equilibration period required by the electrode system following an addition. A steady maximum value was reached within a further 2 min. Guanosine, uridine, and adenosine added to freshly cut tissue stimulated rather than inhibited the rate of°2 uptake.
DISCUSSION
Sodium pyruvate increased the respiration rate of freshly sliced tissue, whereas the effects of equivalent concentrations of NaCl were only very slight (Tables I and II plasmic concentrations of ADP and Pi (4). As slicing initiates synthetic processes requiring adenine nucleotides (14, 22, 24, 25) and utilizing phosphate (2), it has been suggested that these factors control respiration rate in freshly cut tissue and also control the development of the induced respiration (2). Givan (2) imply that pyruvate kinase is the rate-limiting reaction of the EMP pathway during the 1st day after tissue slicing. The trisodium salt of ATP also stimulates respiration rate of freshly cut tissue but is less active when compared with an equivalent addition of ADP (Table II) . In addition to an increase in tissue ATP level, there is a 6-fold ADP increase when fresh slices are incubated in 2.5 mm ATP (1) . Hence, the respiratory activation by ATP is expected if, as proposed for ADP additions, there is an increase in ADP concentration at the site of pyruvate kinase. As nucleotide-stimulated respiration rates were recorded within 30 min of cutting, the experiments reported here were conducted before the induced respiration had commenced.
Stimulation by ADP and ATP is greater at lower concentrations (0.5-2 mM) and falls off above 3 mm (Table II) , perhaps as a result of secondary inhibiting effects on the respiratory system. The lower pH of the ATP treatment (Table II) may be the factor promoting greater entry of nucleotide into the tissue and thereby reducing respiration stimulation compared with ADP treatment.
However, the pH of the ATP solutions (4 units) is not sufficiently low to alter respiration rates per se from control values. The effect of AMP and Na2HPO4 on respiration rate of freshly sliced tissue is only slightly greater than that of equivalent concentrations of NaCl (Table II) .
Although part of the uptake of nucleotides into the tissue is by diffusion into free space, extracts from tissue treated with ATP and ADP contain substantially higher concentrations of ADP and ATP, respectively, than untreated tissue (1). In addition, treating the slices with nucleotides induces rapid and marked changes in concentration of intermediates of the EMP pathway (1) , and this could not occur until the nucleotides penetrate the cytoplasm. Experiments on protoplasmic streaming with 14C( labeled ATP provide evidence that exogenous ATP enters the cytoplasm and is firmly associated with the cells after ATP incubation (19) . Reports of cytoplasmic uptake of polynucleotides (20) and of enzymes and other proteins into roots of barley (7, 18, 21) , peas (27) , onion (6), maize (21) , and tomato (21, 23) indicate that the size and charge of nucleotides do not necessarily prevent them from penetrating cell membranes.
A significant "salt" respiration is superimposed on the effect of the nucleotide anion, when sodium salts of ADP and ATP are applied to tissue washed for more than 24 hr in distilled water. If it is assumed that the salt effect of NaCl (Fig. 2) , is equal to that of the Na cations in Na3ADP or Na3ATP (Fig. 2) , the effect of the nucleotide anions upon the rate of respiration can be obtained by subtracting the effect of the cation. In the resulting curves (Fig. 4) ADP stimulates respiration until the time of the peak of induced respiration, when there is a rapid fall in the effect during the respiratory decline. Stimulation is also apparent at the smaller respiratory peak at 72 hr. Between 20 and 50 hr 1 mM ATP inhibits the rate of respiration and may be acting as a negative effector of PFK (9), the rate-limiting enzyme at this stage of the induced respiration (2) . Concentrations of ADP above 2 mm also inhibit at this time, presumably by raising cytoplasmic ATP to inhibitory levels. Inhibition by 2 mm ATP continues after 50 hr, but 1 mm ATP stimulates respiration between 50 and 70 hr (Fig.  4) . Adding phosphate (NaH2PO4) causes a small inhibition throughout the aging period in distilled water (Fig. 4) .
As the concentration of Pi decreases sharply after tissue slicing (1), regulation of terminal oxidation or glyceraldehyde 3-phosphate dehydrogenase activity by limiting phosphate cannot be neglected. In Ehrlich ascites tumor cells, where phosphate is the major rate-limiting factor during steady state glycolysis, phosphate is taken up by the cells and markedly stimulates aerobic glycolysis (12, 13, 26) . In a phosphate-free medium, uridine and other nucleosides inhibit aerobic glycolysis, as intracellular phos- slices during washing in distilled water for 120 hr. Corrected for respiratory stimulation of Na+ cation. Upper: A: 1 mm Na3ADP-3 mM NaCl; o: 2 mm Na3ADP-6 mM NaCl; 0: 3 mM NaH2PO4-3 mM NaCl; 0: control, untreated tissue. Lower: o: 1 mM Na3ATP-3 mM NaCl; 0: 2 mm Na3ATP-6 mm NaCl; *: control, untreated tissue.
phate is further lowered when nucleotides are formed from them (26) . In freshly cut carrot slices the absence of stimulation of respiration by phosphate and absence of inhibition by uridine, guanosine, and adenosine imply that phosphate is not a limiting factor of respiration in carrot tissues. DNP at 1.3 X 10 AuM (pH 4.5 and 6) markedly stimulates the rate of respiration of freshly cut tissue (Table I ), but at the induced peak the stimulus is slight at pH 6 (Fig. 3) . Respiratory stimulation throughout the course of aging is greater at lower pH, especially at pH 4.5, which is near the optimum for maximal DNP stimulation of respiration (4) . These effects are consistent with stimulation of pyruvate kinase during day 1 by the increased concentration of endogenous ADP resulting from uncoupling of oxidative phosphorylation. However, at the time of the peak in induced respiration, the endogenous concentration of ADP in untreated slices increases greatly (2) , and any increase in concentration of ADP promoted by DNP at pH 6 will cause little further increase in rate of respiration. However, the stimulation of 02 uptake by 10 ALM DNP at pH 4.5 throughout the induced respiration indicates that respiration is always limited to some extent by availability of ADP.
